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Abstract 
The effects of kaolin and calcite additives on the rye straw ash sintering behaviors were investigated. The 
rye straw ash has a high sintering tendency, with observation of severe fusion during combustion. The 
formation and melting of potassium silicates play key roles in sintering of the rye straw ash at elevated 
temperatures. Fusion characteristics temperatures of the rye straw ash were significantly increased upon 
kaolin and calcite addition. Kaolin addition led to formation of high temperature melting potassium 
aluminum silicates, which were revealed by XRD analyses. Due to formation of high temperature melting 
species due to kaolin addition, the severe sintering of the rye straw ash was significantly reduced. 
Addition of calcite provided CaO to react with silica in the rye straw ash, causing generation of high 
temperature melting calcium rich silicates. In addition, the dilution effect from calcite is a main reason for 
improved rye straw sintering behaviors. 
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1. Introduction  
Ash sintering readily occurs during combustion of agricultural residues and leads to reduction of 
energy conversion efficiencies and costly maintenance of equipments. In general, potassium plays an 
important role in forming of the ash melts during the combustion of agricultural residues. Potassium will 
react with Cl, S, Si and P through different reaction paths. Partial products from these reactions have low 
melting temperatures, including potassium salts, silicates, phosphates and mixtures of them [1]. These 
potassium containing compounds or eutectics will be present as molten phases, leading to 
adhesion/aggregating of char and ash grains and further ash sintering to large and heavy blocks [1, 2].  
However, the knowledge about the sintering behaviors of ashes derived from rye straw is still fragmented. 
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Utilizing additives is a promising and practical way to mitigate biomass ash sintering. Addition of 
additives will convert the problematic potassium containing species into less troublesome forms [3]. In 
addition, blending of additives will also dilute the biomass ash and restrain ash aggregating and sintering 
as well [2]. However, effects of additives (e.g., kaolin and calcite) on rye straw ash sintering behaviors 
are seldom reported. Moreover, industry scale tests of additives are related to considerable costs. 
Therefore repeatable laboratory scale tests can be carried out and provide useful information about the 
anti-sintering capacity of an additive.  
 
The aims of this work are (1) to study sintering behaviors of rye straw ash at elevated temperatures; (2) 
to test the anti-sintering effects of kaolin and calcite on the rye straw ash; (3) to investigate possible anti-
sintering mechanisms. 
2. Experimental Section  
One kind of rye straw was used in this work, which was harvested before the raining season in 
southern Norway. The rye straw was milled into particles with particle size less than 1 mm. The rye straw 
ash was produced by burning the raw straw at 550 °C for 6 hours according to ASTM standard E 871. 
Kaolin and calcite were tested as additives in the present work. The main elemental compositions in the 
rye straw ash and the two raw additives were measured using inductively coupled plasma optical emission 
spectroscopy (ICP-OES), and are presented in oxide form in Table 1. To investigate the effects of the 
additives on the sintering behavior of the rye straw ash, the additives were mixed with rye straw ash first. 
Based on our previous studies and literature survey, an additive was added to the rye straw ash in a 
proportion corresponding to 4 % (w/w) based on dry straw. The fusion characteristic temperatures of the 
rye straw ash (550 °C) and the corresponding mixtures with additive (550 °C) were determined by 
following the procedure described in the ISO 1995:54 standard. To get reproducible results, five tests 
were carried out for each sample and average values of the test results are shown in Table 2. In addition, 
the rye straw ash and the ash-additive mixtures were heated at elevated final temperatures of 700, 800, 
900 and 1000 °C in open crucibles for 1 hour. After cooling down, the sintering degree of the ash residues 
left in the crucibles were evaluated by visual observation and graded. The ash residues after heating 
treatment were also analyzed by a combination of an X-ray powder diffractometer (Bruker D8 focus) and 
scanning electron microscopy (SEM) equipped with energy dispersive X-ray spectrometry (EDX). 
3. Results and Discussion 
3.1. Rye straw ash and additives 
The chemical compositions of rye straw ash and additives are listed in Table 1. The rye straw ash (550 
°C) contains high contents of SiO2, K2O, CaO and Cl. The main crystalline phases in the rye straw ash 
(550 °C) are SiO2, KCl, K2SO4 and CaCO3 as shown in Table 3.  Fig. 1. (a) shows that rye straw ash 
produced at 550 °C contains discrete ash grains with different sizes. SEM images of cross sectioned rye 
straw ash slag (1000 °C) are displayed in Fig. 1. (b), which was melted completely with a hard and 
continuous structure. The EDX spot analyses (Fig. 1. (c)) revealed that Si, K and Ca are main elements in 
the melted rye straw ash, which is illustrated by clear correlations in element maps (Fig. 1. (d)). 
Therefore, the rye straw ash fused at 1000 °C mainly contains different K-silicates and K-Ca-silicates. 
However, only amorphous phases were detected from the rye straw ash (1000 °C). Therefore, together 
with SEM-EDX analysis, the XRD analysis results imply that the rye straw ash (1000 °C) mainly 
contains K-silicates that are melted and presented as glass phases. The chemical compositions of the 
kaolin are SiO2 and Al2O3, which mainly contains the two mineral phases kaolinite and quartz. CaCO3 is 
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the main crystalline phase in the calcite, which will decompose into CaO and CO2 at elevated 
temperatures [2]. 
Table 1. Chemical composition of rye straw ash (550 °C) and raw additives 
Fuel and additive Ash content (wt %, dba) Chemical composition of the ash (wt %) 
    SiO2  K2O Al2O3  CaO  Na2O MgO Fe2O3  P2O5  SO3 Cl 
Rye straw 5.7 24.50 27.64 0.28 9.43 0.18 1.81 0.73 2.67 4.90 6.28 
Kaolin  b 45.7 0.16 35.14 0.08 0.06 0.19 0.67 c 0.04 c 
Calcite  b 0.17 0.01 0.56 96.52 0.17 1.89 0.48 c 0.04 c 
a.db: dry basis; b: not detected; c: undetectable 
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Fig. 1.: (a) SEM image of rye straw ash 550 °C (b) rye straw ash 1000 °C (c) EDX spot analysis (d) EDX element mapping 
3.2. Effects of additives on melting and sintering behavior of rye straw ash 
Table 2 shows the effects of the additives on melting and sintering behaviors of the rye straw ash. The 
rye straw ash has a low initial melting temperature of 840 °C, which fused completely at 1110 °C. The 
sintering behaviors of the rye straw ash agreed with the ash fusion temperature determination results. 
Already at 800 °C, the rye straw ash slightly sintered with observation of large size aggregates. The rye 
straw ash totally melted at 1000 °C and the residues contained both hollow bubbles and dense structure. 
The initial melting temperature of the rye straw ash considerably increased from 856 °C to 1080 °C upon 
kaolin addition. A similar enhancing effect on initial melting temperature of the rye straw ash was 
observed upon the calcite addition. Agreeing with the ash fusion tests, severe sintering of the rye straw 
ash was abated with both kaolin and calcite addition. The rye straw ash-kaolin mixtures retained partial 
brittle structures even after heating at 900 °C, and a small amount of ash melts were observed. With 
calcite addition, the rye straw ash kept a loose structure and no sintering was observed in the whole 
studied temperature range. The sintering test results showed that the calcite was more efficient to prevent 
sintering of the rye straw ash. 
Table 2. Effect of additives on rye straw ash melting and sintering behaviours 
 Fusion characteristic temperatures  Sintering degree 
  IDT ST HT FT 700 °C 800 °C 900 °C 1000 °C 
Rye straw ash  840 992 1048 1110 Loose ash  Slightly sintered Melted  Melted 
+ kaolin  1080 1180 1268 1310 Loose ash  Loose ash Slightly sintered Slightly sintered 
+ calcite  990 1210 1290 1360 Loose ash Loose ash Loose ash Loose ash 
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3.3. Anti-sintering mechanisms of the additives 
After sintered at 1000 °C, the rye straw ash was mainly non-crystalline as shown in Table 3. Upon 
kaolin addition, KAlSi2O6, KAl3Si3O11 and SiO2 were identified from the mixtures of rye straw ash and 
kaolin heated at 1000 °C (Table 3). Identification of the K-Al-silicates indicates reactions between kaolin 
and potassium containing species in the rye straw ash. The three identified crystalline phases have high 
melting temperatures above 1000 °C [1, 2], and presence of them thus contributed to increased melting 
temperatures of rye straw ash. In addition, formation of high temperature melting K-Al-silicates may 
partially explain the reduction of ash melts (amorphous materials) and sintering degree of the rye straw 
ash as well [3]. CaO was identified as a major mineral phase in the rye straw ash upon calcite addition 
(Table 3), indicating surplus of calcite that did not react and decomposed into CaO and CO2 [2]. The 
surplus CaO may give a dilution effect on biomass ash as reported in previous studies [1, 2]. In addition, 
the CaO from the calcite will react with silicon in the rye straw ash, promoting formation of high 
temperature melting Ca-silicates (Ca2Si3O7) and K-Ca-silicates (K4CaSi3O4) as shown in Table 3. 
Table 3. Crystalline compounds identified from rye straw ash (550 °C) and ash-additive mixtures 
Rye straw ash (550 ºC) SiO2, KCl, K2SO4, CaCO3, KSi4O9      
Ash produced at 1000 ºC  
Rye straw ash  Amorphous materials  
+ kaolin  KAlSi2O6, KAl3Si3O11, SiO2 (cristobalite), Trace amount of amorphous material  
+ calcite  Major amount of CaO, Ca2Si3O7, K4CaSi3O4, Trace amount of Ca2MgSi3O7 
4. Conclusion 
Rye straw ash has a high sintering tendency due to formation and fusion of potassium silicates in the 
ash at elevated temperatures. Addition of kaolin and calcite significantly increased the sintering 
temperatures of the rye straw ash. The improvement was mainly due to formation of high temperature 
melting K-Al silicates and Ca-silicates, respectively. This process was accompanied by reduction of the 
amount of K and Si available for formation of ash melts. Due to reduction of the ash sintering, the energy 
conversion efficiency of a boiler burning rye straw as fuel could be considerably increased, due to more 
smooth combustion process and less costs related to boiler shut-down and maintenance. It makes the rye 
straw a competitive fuel on the energy market in the future. 
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